obJect Transforaminal lumbar interbody fusion (TLIF) has become one of the preferred procedures for circumferential fusion in the lumbar spine. Over the last decade, advances in surgical techniques have enabled surgeons to perform the TLIF procedure through a minimally invasive approach (MI-TLIF). There are a few studies reported in the medical literature in which perioperative complication rates of MI-TLIF were evaluated; here, the authors present the largest cohort series to date. They analyzed intraoperative and perioperative complications in 513 consecutive MI-TLIF-treated patients with lumbar degenerative disc disease. methodS The authors performed a retrospective review of prospectively collected data on 513 consecutive patients treated over a 10-year period for lumbar degenerative disc disease using MI-TLIF. All patients undergoing either a first-time or revision 1- or 2-level MI-TLIF procedure were included in the study. Demographic, intraoperative, and perioperative data were collected and analyzed using bivariate analyses (Student t-test, analysis of variance, odds ratio, chi-square test) and multivariate analyses (logistic regression). reSultS A total of 513 patients underwent an MI-TLIF procedure, and the perioperative complication rate was 15.6%. The incidence of durotomy was 5.1%, and the medical and surgical infection rates were 1.4% and 0.2%, respectively. A statistically significant increase in the infection rate was seen in revision MI-TLIF cases, and the same was found for the perioperative complication rate in multilevel MI-TLIF cases. Instrumentation failure occurred in 2.3% of the cases. After analysis, no statistically significant difference was seen in the rates of durotomy during revision and multilevel surgeries. There was no significant difference between the complication rates when stratified according to presenting diagnosis. coNcluSioNS To the authors' knowledge, this is the largest study of perioperative complications in MI-TLIF in the literature. A total of 513 patients underwent MI-TLIF (perioperative complication rate 15.6%). The most common complication was a durotomy (5.1%), and there was only 1 surgical wound infection (0.2%). There were significantly more perioperative infections in revision MI-TLIF cases and more perioperative complications in multilevel MI-TLIF cases. The results of this study suggest that MI-TLIF has a similar or better perioperative complication profile than those documented in the literature for open-TLIF treatment of degenerative lumbar spine disease.
T he popularity of transforaminal lumbar interbody fusion (TLIF) has increased over the past decade. This surgical technique, pioneered by Harms and Rolinger 8 in 1982, was performed through a traditional midline incision with disruption of the "posterior tension band." It permitted posterior decompression and simultaneous 3-column arthrodesis for bony fusion. Compared with the midline posterior lumbar interbody fusion approach, the TLIF approach obviates the necessity for retraction of the thecal sac and nerve roots.
Of the studies that have evaluated complications of TLIF, most used the "open" surgical technique. 18, 19 Several authors evaluated the rate of perioperative complications using minimally invasive TLIF (MI-TLIF), but the studies were limited by small patient numbers. 1, 4, 9, 19, 38 Reported complications included cerebrospinal fluid (CSF) leakage, nerve root injury, wound infection, screw breach, and migration of the interbody cage. This report comprises the largest study in the literature to analyze intraoperative and perioperative complications of MI-TLIF in more than 500 consecutively treated patients with lumbar degenerative disc disease.
methods data collection
A prospectively collected database of 513 consecutive patients treated by MI-TLIF for lumbar degenerative disease over a 10-year period, from January 2002 through October 2012, was retrospectively reviewed. The patients' data were collected from Northwestern University and the University of Chicago, from which institutional review board approval was obtained before conducting the study.
Included in the study were patients who had a 1-or 2-level MI-TLIF either as a revision or a first-time surgery. Diagnoses included spondylosis, spondylolisthesis, pseudarthrosis, adjacent-segment disease (ASD), spondylolysis, recurrent disc herniation, and previous failed surgery. Excluded patients included those who had had long-construct scoliosis correction, trauma, posterior lumbar interbody fusion, anterior lumbar interbody fusion (ALIF), extreme-lateral interbody fusion, direct lateral interbody fusion, combined procedures, open TLIF, tumor, or previous surgical infection.
Demographic data on these 513 patients were collected. Age, sex, preoperative diagnosis, level of fusion, multilevel fusion, and bone morphogenetic protein (BMP) use were noted. Intraoperative parameters included in the database were duration of operation, estimated blood loss (EBL), use of BMP, type of interbody cage, and screw-placement technique. Changes between preoperative and postoperative strength testing were noted, as were detailed lists of complications, subsequent surgeries, length of hospital stay, and disposition status at discharge (home vs inpatient rehabilitation). Statistical analyses were conducted using bivariate analysis (Student t-test, ANOVA, odds ratio, chisquare test) and multivariate analysis (logistic regression).
Surgical technique
The MI-TLIF procedure includes bilateral paramedian incisions (3 cm in length), measured 4.5 cm lateral to the midline, localized over the disc space of the surgical level, as confirmed by intraoperative fluoroscopy and preoperative MRI. A K-wire is placed through the fascia onto the ipsilateral facet joint, followed by sequential muscle-splitting tubular dilators and the final expandable tubular retractor. Lateral fluoroscopy is used to confirm the correct surgical level, and the fiber-optic light source is attached to the retractor. The remainder of the surgery is performed with either loupes or a microscope. Monopolar electrocautery is used to dissect the soft tissue overlying the lamina and facet joint. A hemilaminotomy is performed with Kerrison rongeurs or a high-speed drill up to the rostral pedicle and down to the caudal pedicle. The residual facet joint may be removed with a combination of rongeurs, osteotomes, and a high-speed drill. Subsequently, the ligamentum flavum is resected to clearly expose the lateral edge of the thecal sac and the exiting and traversing nerve roots. Discectomy is performed in standard fashion, followed by placement of autograft or allograft ventral to the interbody cage. BMP may also be used, depending on patient risk factors and surgeon preference. The interbody cage is inserted under direct visual and fluoroscopic guidance to confirm its appropriate placement. Placement of the percutaneous pedicle screws is performed with fluoroscopic guidance or CT navigation. With fluoroscopy, Jamshidi needles are used to cannulate the pedicles using the so-called bull's-eye technique, followed by K-wire placement. A tap is used to "prep" the screw tract, and this is followed by placement of the percutaneous pedicle screws. Anteroposterior and lateral radiographs are used to confirm the proper placements and trajectories of the K-wires, tap screw, and pedicle screws. Rods and set screws are locked into position, and final radiography is performed. Standard closure consists of fascial and dermal sutures and a skin adhesive. Mean results are presented ± SD.
results patient characteristics
A total of 513 patients were treated with MI-TLIF performed by 4 neurosurgeons over a 10-year period, from 2002 to 2012, at two institutions. The mean age of the patients was 58 ± 13.1 years, and 299 of them (58.3%) were female. Single-level fusions were performed in 432 patients (84.2%), and multilevel fusions were performed in 81 patients (15.8%); fusions were predominately at L4-5 and L5-S1 ( Table 1 ). The MI-TLIF was a first-time surgery for 383 patients (74.7%), and a revision operation in 130 patients (25.3%). BMP was used in 480 patients (93.6%). The majority of the preoperative diagnoses included spondylolisthesis, spondylosis, and spondylolysis ( Table 1 ).
Summary of perioperative data and complications
The overall mean operative duration was 228.9 ± 75.8 minutes. The mean EBL was 237.3 ± 254.6 ml, and the mean length of stay in the hospital was 3.7 ± 2.2 days ( Table 2 ). The operative parameter data were stratified according to single-level versus multilevel procedures (Table  3) . Compared with patients who underwent a multilevel procedure, the patients who underwent a single-level procedure had a significantly shorter operative time (p < 0.01), a lower EBL (p < 0.01), and a similar length of hospital stay. The operative data were also stratified according to first-time versus revision procedures. There were no significant differences in operative times, EBL, or lengths of hospital stay between the 2 groups.
The majority of the patients (n = 433 [84.4%]) had an uncomplicated MI-TLIF (Table 4) . Of the 80 patients with a reported complication, 54 patients (10.5%) had 1 complication and 26 patients (5.1%) had multiple complications (Table 4) . Overall, there were 53 surgical complications (10.3%) and 37 medical complications (7.2%). The most common complication was durotomy (5.1%) followed by instrumentation failure (2.1%) and postoperative urinary retention (1.4%). There was only 1 case (0.2%) of surgical wound infection. There was a statistically significant decrease in perioperative complications in patients who had a single-level MI-TLIF compared with those who had a multilevel MI-TLIF (OR 0.39 [95% CI 0.71-0.95]; p = 0.01). However, revision MI-TLIF was not associated with an increase in perioperative complications (p = 0.27). When the numbers of complications were stratified by presenting diagnosis, the data demonstrated no significant difference in the rates of perioperative complications according to presenting diagnosis (p > 0.05) ( Table 5 ).
First-time Surgery compared with revision lumbar Surgery
There were 130 patients (25.3%) who had a previous lumbar surgery that required revision MI-TLIF and 383 
durotomy
Twenty-six patients (5.1%) had an intraoperative durotomy after MI-TLIF surgery. There were 19 cases (4.4%) of durotomy with single-level fusions and 7 cases (8.6%) with multilevel fusions. There were 18 cases (4.7%) of durotomy with first-time surgeries and 8 cases (6.2%) with revision surgeries. Neither multilevel fusions (p = 0.48) nor revision surgeries (p = 0.44) were significantly associated with an increased rate of durotomy. Eight durotomies (32.0%) occurred during bony decompression, 8 (32.0%) during the discectomy, 7 (28.0%) during resection of the ligamentum flavum, and 2 (8.0%) during cage insertion (Table 6 ). There was no significant difference between the rates of durotomy on the basis of the surgical step. Of the 26 patients with MI-TLIF complicated by a durotomy, each was treated with flat bed rest overnight, and none of the patients required intervention (lumbar drain, blood patch, or reoperation) for a CSF leak.
infection
There was only 1 surgical wound infection (0.2%), and it occurred after a first-time single-level fusion. Overall, there were 7 perioperative medical infections (1.4%) with MI-TLIF surgery. The perioperative infections included pneumonia, Clostridium difficile diarrhea, cholecystitis, and urinary tract infection. All the medical infections occurred with multilevel fusions. There were 2 cases (0.5%) of infection with first-time surgeries and 5 cases (3.8%) with revision surgeries. The number of surgical levels in MI-TLIF was not associated with an increase in the number of perioperative infections (p = 0.99). However, there were statistically significantly fewer perioperative infections with first-time MI-TLIF compared with those with revision MI-TLIF (OR 5.06 [95% CI 1.19-21.51]; p = 0.02).
Neurological Deficit
Four patients (0.8%) had new postoperative weakness after MI-TLIF surgery. All 4 of these patients had bilateral lower-extremity weakness that improved significantly with inpatient physical therapy. Two of the patients recovered to their baseline level of function. Two patients (0.4%) had partial recovery but weakness after MI-TLIF.
wound hematoma
Four patients (0.8%) had a postoperative wound hematoma after MI-TLIF surgery. None of these patients demonstrated clinically significant weakness. Their diagnosis was made with routine postoperative CT scanning. Three of these patients experienced continued radicular symptoms and elected to undergo reoperation for evacuation of the wound hematoma.
instrumentation Failure
Eleven patients (2.1%) experienced perioperative instrumentation failure after MI-TLIF surgery. Five patients (0.97%) had cage migrations diagnosed by comparing the intraoperative radiographs to the postoperative radiographs (Fig. 1) . Two of the patients with postoperative cage migrations required revision surgery, whereas the other 3 patients did not have any clinical or other radiographically revealed complications. Six patients (1.2%) suffered an intraoperative fracture of the K-wire used for percutaneous placement of the pedicle screws. In 1 case, the fractured K-wire was retained within the vertebral body and could not be retrieved; it resulted in no clinical significance (Fig.  2) . In 5 of the cases, the K-wire was retrieved and resulted in no further clinical significance. In 1 case, a fractured K-wire that had migrated ventral to the vertebral body ( Fig. 3 ) required intraoperative repositioning with a minimally invasive direct lateral transpsoas approach and safe removal of the K-wire fragment. None of the 6 patients with K-wire fractures suffered any long-term clinical consequence from the instrumentation failure.
thromboembolism Seven patients (1.4%) had either a deep vein thrombosis (DVT) or pulmonary embolism (PE) after MI-TLIF surgery. Two patients (0.4%) had a DVT, and 5 patients (1.0%) had a PE; all 7 of these patients were treated with appropriate anticoagulation therapy. One of the patients (0.2%) had a massive PE that resulted in cardiopulmonary instability and eventual death.
other complications
Seven patients (1.4%) had transient postoperative urinary retention, and 4 patients (0.8%) had transient postoperative ileus that eventually resolved without intervention. Three patients (0.6%) had postoperative anemia, and 2 of these patients (0.4%) required postoperative blood transfusions after an average intraoperative EBL of 425 ml.
complication rate based on level of Surgeon experience
Complication rates based on each surgeon's experience level are listed in Table 7 . Three of the 4 authors performed their first MI-TLIF during the study period. One author performed his first MI-TLIF before the study period in 2000. The surgeons' experience levels were stratified for each consecutive group of 15 cases. There were no significant differences between the groups when comparing their overall complication rates on the basis of the level of surgical experience (p > 0.05).
discussion
The traditional open TLIF is a well-established surgical approach, and the literature supports its efficacy, safety, and rate of perioperative complications. 6, 7, 21, 22, 24, 26, 34, 38 Tormenti et al. 31 described the largest analysis of the open-TLIF approach and associated perioperative complications. To our knowledge, we present here the largest MI-TLIF series to date of more than 500 consecutive patients who underwent MI-TLIF for lumbar degenerative disc disease and characterize the perioperative complications. We compare the MI-TLIF intraoperative and perioperative complication profiles with the established data on open TLIF in the literature. At our institution MI-TLIF had an overall low perioperative surgical and medical complication rate of 15.6%. The complication subgroups compare favorably with those of open TLIF: intraoperative durotomy (5.1%), hardware failure (2.3%), infection (0.2%), neurological deficit (0.8%), wound hematoma (0.8%), medical complications, thromboembolic event (1.4%), urinary retention (1.4%), and ileus (l.8%). These comparisons are discussed in more detail in the next sections.
complication types and rates

Durotomy
A review of open-TLIF studies suggests a durotomy incidence of 0%-20% (average 4.6%). 6 The rates of durotomy were higher with multilevel fusions than with single-level fusions (8.6% vs 4.4%, respectively) and higher with revision than with first-time surgeries (6.2% vs 4.7%, respectively) but did not reach statistical significance.
In our study, the majority of the durotomies occurred when using Kerrison rongeurs during 1 of 3 specific steps: bony decompression, resection of the ligamentum flavum, or discectomy. Consequently, we recommend the following precautions to decrease the risk of a durotomy during an MI-TLIF. Before using a biting instrument such as a Kerrison rongeur, a definitive and safe plane should be developed between the bony elements or ligaments and the thecal sac. This can be safely accomplished with a blunt dissector (e.g., nerve hook or Woodson elevator). The "biting window" of a Kerrison rongeur should always be turned 180° away from the thecal sac with gentle upward traction to avoid an inadvertent durotomy. Similarly, during a discectomy, the thecal sac and nerve roots should be clearly identified before incision or resection of the anulus fibrosus. A blunt dissector (e.g., bayoneted Penfield No. 4 instrument) may be used to identify and separate the thecal sac from the underlying discoligamentous complex. A right-angle dissector can then be used for dissection ventral to the thecal sac to confirm a safe plane above the anulus. If there is significant resistance with the right-angle dissector, the plane between the ventral thecal sac and anulus needs to be more clearly dissected or there may be dense scarring, which may increase the risk of a durotomy.
Traditionally, durotomies are closed with sutures and reinforced with a combination of patch grafts (muscle or fascia) and fibrin glue. One of the advantages of MI-TLIF over open approaches is the use of muscle-splitting tubular retractors, which minimizes the postoperative "surgical cavity" and helps tamponade against formation of a pseudomeningocele. Other authors have also described adequate durotomy repair in MI-TLIF with fibrin glue alone. 3, 38 For the majority of MI-TLIF cases with durotomies in our study, we placed a piece of Gelfoam or dural substitute on top of the durotomy site and sealed it with fibrin glue (DuraSeal; Covidien). Postoperatively, the patients were placed on flat bed rest overnight. It is an important observation that none of the patients in our study who underwent MI-TLIF and had a durotomy required postoperative intervention (blood patch, lumbar drain, or reoperation) for a CSF leak. We believe that this is a major advantage of the MI-TLIF procedure.
Infection
Perioperative infections are a significant source of morbidity in spine surgery. Wound infections may lead to discitis, osteomyelitis, meningitis, chronic hardware infection, revision surgery, accelerated degeneration of the * There were no significant differences between the overall complication rates on the basis of level of experience (p > 0.05). infected level, or prolonged use of antibiotics and their associated adverse effects. A review of open-TLIF studies suggests a surgical-site infection rate of 0%-9.2%. 6, 24, 26, 38 A similar review of MI-TLIF studies suggests an infection rate of 0%-10%. 12, 14, 17, 20, 23, 29, [35] [36] [37] O'Toole et al. 16 found that the incidence of surgical wound infection was significantly lower after MI-TLIF (0.6%) than after open TLIF (4.0%); the decrease in the number of wound infections in that study was associated with a direct cost savings of $98,974 per 100 MI-TLIF procedures performed. 18 In our study, there was 1 surgical wound infection (0.2%), which compares favorably to other authors' experiences and may attest to the large volume and experience of the center. To decrease the rate of infection with MI-TLIF, we recommend avoiding placing fingers into the surgical wound, which may increase the risk of surgical wound infection if there are microscopic breaks in the surgeons' gloves. Seven perioperative medical infections (1.3%) (including urinary tract infection and pneumonia) were observed in our study. Revision MI-TLIF had a higher rate of perioperative infections in our study than did first-time MI-TLIF, which accounts for all of these infections.
Neurological Deficit
The MI-TLIF approach enables aggressive discectomy and an increased lateral angle for interbody cage placement with minimal retraction of the thecal sac or nerve roots. In the literature, the incidence of postoperative neurological deficit in patients treated by open TLIF is 1%-3%. 5, 25, 31 The incidence of neurological deficit in patients after MI-TLIF is reported to be 0.7%-9.5%. [2] [3] [4] 33, 36, 38, 40 The neurological deficits reported in the literature are usually transient and often related to malpositioned hardware.
In our study, 4 patients (0.8%) had new postoperative weakness after an MI-TLIF surgery; 2 of these instances were transient. In all 4 cases, the neurological deficit appeared as a concurrent loss of neurophysiological monitoring signals that occurred during placement of the interbody cage. To decrease the risk of neurological injury during placement of the MI-TLIF interbody cage, meticulous dissection and mobilization of the thecal sac and exiting and traversing nerve roots is essential. Once the thecal sac and associated traversing nerve root are mobilized, they can be protected medially with a nerve root retractor. Similarly, the exiting nerve root should be clearly defined. A Penfield No. 4 instrument placed caudal to the exiting nerve root may be used to protect against the pathway of the interbody cage. During placement of the interbody cage, the surgeon should avoid "overstuffing" the disc space. An oversized interbody cage may directly injure the nerve roots during placement or may cause a postoperative radiculopathy from indirect stretching of the nerve roots. In Grade 2 spondylolisthesis, the risk of injury to the traversing nerve root overlying the disc space is increased. In this scenario, careful mobilization of the nerve root with contralateral distraction will decrease the risk of neurological injury during the discectomy. In cases of high-grade spondylolisthesis (Grade 3 or above), we recommend avoiding complete reduction of the slippage, because it may lead to an increased risk of nerve injury. The incidence of neurological deficit was significantly lower in our study than those in the literature. This lower incidence may be a result of the consistent use of intraoperative neurophysiological monitoring during all spinal fusion procedures at our institution, which may report signal changes of impending injury to neurological elements. 11 
Instrumentation Failure
Instrumentation failure in spine surgeries can lead to pseudarthrosis of the construct and postoperative neurological deficits. A literature review of MI-TLIF complications secondary to instrumentation failure revealed that the most common etiology was related to pedicle screw placement (0%-12.3%). [2] [3] [4] 13, [27] [28] [29] [30] 32, 33, 35, 36, 40 Interbody graft migration after MI-TLIF has been reported to occur at a rate of 3.9%-5.8%. 4, 13, 36, 38 In our study, 11 patients (2.1%) had perioperative instrumentation failure after an MI-TLIF surgery. Five patients (0.97%) had cage migration, and 6 patients (1.2%) suffered an intraoperative fracture of the K-wire used for percutaneous placement of the pedicle screws. For cases in which the fractured K-wire is retained within the vertebral body, the K-wire can be safely left in place (Fig. 2) . Figure 3 illustrates a case in which a K-wire extended ventral to the vertebral body and a direct lateral approach was used to retrieve it. Three of the patients with cage migration required repositioning of the cage (Fig. 1) . Several of the following steps may help minimize cage migration. Maximizing the dimensions of the interbody cage while the contralateral side is distracted will help prevent potential migration. The interbody cage trial should feel "snug" and difficult to remove without great effort. Once the interbody cage is safely positioned within the disc space, a flat or curved tamp may be used to "turn" the interbody cage within the disc space, which will alter the entrance and exit trajectory of the interbody cage and may reduce the likelihood of its migration. Finally, bilateral compression across the surgical levels will not only increase the likelihood of fusion but will also decrease the potential for cage migration.
Six patients suffered an intraoperative fracture of the K-wire used for guidance of the percutaneous pedicle screws. In the majority of these cases, the K-wire usually fractures at the tip because of the combination of overhead pressure from the tap or screw with excessive polyaxial movement resulting in bending and eventual fracture of the wire. To minimize the probability of a K-wire fracture, it is imperative to always maintain an "in-line" trajectory of the wire with the tap or screwdriver. Intraoperative visualization of the trajectory of the K-wire and knowledge of the surgical trajectory of the proposed pedicle screw are essential for maintaining proper alignment. In addition, intraoperative fluoroscopy with a lateral (rostrocaudal alignment) or anteroposterior (mediolateral alignment) radiograph can help identify whether the tap or screw is bending the K-wire. An alternative method that may decrease the likelihood of a K-wire fracture is to place a Jamshidi needle through the pedicle and vertebral body first, which would dilate the cancellous channel, make the subsequent steps of tap and screw placement easier because of the decrease in transmitted force to the K-wire tip, and therefore reduce the likelihood of a K-wire fracture.
In the majority of cases with K-wire fractures, the break occurs at the tip of the wire. The tip is usually difficult to retrieve, but it normally does not have any clinical significance (Fig. 2) . Intraoperative radiography or CT scanning may clarify the position of the K-wire tip to be safely confined within the vertebral body. Subsequently, the pedicle screw should be left short of the fractured K-wire tip to prevent inadvertent migration of the tip ventral to the vertebral body. If this scenario occurs, the fractured tip ventral to the vertebral body may be retrieved through either a direct lateral interbody fusion or ALIF approach (Fig. 3) . The anesthesiologist should carefully monitor the patient's blood pressure and heart rate for any suggestion of vascular injury. If there are any clinical concerns for vascular injury or if an ALIF approach is desired, we recommend obtaining an immediate intraoperative vascular surgery consultation.
limitations and Future directions
To our knowledge, this is the largest study to have evaluated intraoperative and perioperative results from a population of patients who underwent MI-TLIF surgery. However, the following limitations should be noted. Although all data were prospectively collected, the hypothesis-driven analysis was retrospective in nature and therefore limits the interpretation. We sought to evaluate the perioperative complications associated with elective single-or multilevel MI-TLIF. Consequently, specific patient populations (i.e., patients with trauma, infection, tumor, or scoliosis) were excluded from the study, and the data are more difficult to generalize to all patients. Finally, we evaluated only intraoperative and perioperative complications of MI-TLIF. Currently, the data on long-term functional and radiological outcomes are limited. Thus, future studies regarding the functional outcome and radiographic fusion rates of MI-TLIF would be significant contributions to the literature.
conclusions
This report currently represents the largest study of perioperative complications in MI-TLIF in the literature. A total of 513 patients underwent MI-TLIF, and 80 total perioperative complications (15.6%) occurred. The most common complication was durotomy (5.1%), followed by instrumentation failure (2.3%) and infection (1.4%); only 1 case (0.2%) was a surgical wound infection. There were statistically significantly more perioperative infections in patients who underwent revision MI-TLIF and more perioperative complications for those who underwent multilevel MI-TLIF cases. There was no statistically significant correlation between durotomy and revision surgery or multilevel fusion. None of the 26 patients with a durotomy from MI-TLIF required postoperative intervention. The results of this study suggest that MI-TLIF has a perioperative complication profile that is similar or to or better than that reported in the literature for open-TLIF treatment of degenerative lumbar spine disease.
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